In a substructured population the overall heterozygote deficiency can be predicted from the number of subpopulations (s), their time of divergence (t), and the nature of the mutations. At present the true mutational mechanisms at the hypervariable DNA loci are not known. However, the two existing mutation models (the infinite allele model (JAM) and the stepwise mutation model (SMM)) provide some guides to predictions from which the possible effect of population substructuring may be evaluated, assuming that the subpopulations do not exchange any genes among them during evolution. The theory predicts that the loci with larger mutation rate, and consequently showing greater heterozygosity within subpopulations, should exhibit a smaller proportional heterozygote deficiency (GST) and, hence, the effects of population substructuring should be minimal at the hypervariable DNA loci (an order of magnitude smaller than that at the blood group and protein loci).
Introduction
The study of genetic structure of subdivided populations is at least 60 years old (Wright, 1931) . Although the phenomenon of population substructuring is generally discussed in the context of evolutionary studies, its implications can be much broader (Chakraborty, 1993) , as evidenced in the recent controversy in DNA forensics (Chakraborty & Kidd, 1991; Lewontin & Hartl, 1991) . A population is said to be substructured when it consists of components (subpopulations) among which gene flow is somewhat restricted. There could be a complete absence of gene flow between subpopulations because of geographical, ecological and social, as well as biological barriers. Under complete *Correspondence 274 isolation, gene differentiation between subpopulations proceeds with a speed governed by the mutation rate and effective sizes of subpopulations. Partial gene flow between subpopulations retards the process of genetic differentiation (Nei & Feldman, 1972; Chakraborty & Nei, 1974; Li, 1976a; Slatkin, 1985) , so that eventually a steady-state will be reached with regard to inter-subpopulation genetic variation. The dynamics of this process depend on the nature of mutations and their selective differentials, as well as on the pattern of gene migration. These issues received a great deal of attention, theoretically (Morton, 1969; Karlin, 1982) as well as empirically (Jorde, 1980) . The common theme is that under isolation of subpopulations (complete or partial) the allele frequency differences between subpopulations produce genotype frequencies in the total population that differ from what would be expected if the individuals in the total population were to mix at random (i.e. no substructuring).
Such a deviation, quantified in terms of summary measures of genetic variation, has been termed the fixation index (Wright, 1943) , kinship (Morton, 1969) or coefficient of gene differentiation (Nei, 1973) .
Unequivocal is the observation in all these studies that in the presence of substructuring heterozygosity in the total population at codominant loci would be reduced from what could be predicted from allele frequencies in the total population assuming Hardy-Weinberg genotypic proportions. Such a deficiency of heterozygosity, although a crude measure of the effects of population subdivision, when normalized (Nei, 1977) , may allow examination of the strength of the effects of substructuring in terms of how many subpopulations exist within the total population, as well as their evolutionary time of separation from the common ancestry. Of course, the mutational pattern as well as the role of natural selection have to be postulated in such interference (Nei, 1975; Li, 1976a , Slatkin, 1985 .
Because in the presence of substructuring the genotype frequencies in the total population cannot strictly be predicted from the overall allele frequencies using the Hardy-Weinberg rule, but the average magnitude of errors of such a prediction may be evaluated from the summary measures mentioned above, two types of enquiries may be made with regard to population structure. In one, we would have to identify each component subpopulation within the population, have representative samples drawn from each of them and evaluate the errors of prediction of genotype frequencies in the total population sample. In the other, a sample from the total population would be analysed from which the nature of substructuring has to be inferred from the errors of prediction observed.
Whereas the first approach gives a direct observation on the level of significance of allele frequency differences between subpopulations, it does not establish whether the subpopulations themselves are substructured. The problems of the second strategy are mainly statistical; namely, the power of detection of deviation from the Hardy-Weinberg predictions of genotype frequencies is notoriously weak (Ward & Sing, 1970) and, consequently, large sample sizes are required to detect realistic differences from the Hardy-Weinberg predictions (Ward & Sing, 1970; Chakraborty & Rao, 1972) . Whereas these conclusions are valid for traditional serological and biochemical markers where the levels of polymorphisms are limited because of small numbers of alleles and consequent low levels of heterozygosity (Roychoudhury & Nei, 1988) , the use of data on hypervariable loci (such as the Variable Number of Tandem Repeat loci, the VNTR loci) gives a somewhat different picture (Chakraborty & Zhong, 1993) . Furthermore, empirical data on allele frequency distributions at hypervariable loci are not as extensive for diverse populations as yet and, therefore, at present inference regarding the extent of population structure at VNTR loci has to be inferred from the second type of studies mentioned above.
The purpose of this work is to provide a theoretical expectation of a measure of the effect of substructuring on genotype frequencies. Specifically, we extend our earlier work on this subject and derive expectations of the coefficient of gene diversity (G51; Nei, 1973) under the stepwise mutation model (Ohta & Kimura, 1973) for a given number of subpopulations and time of divergence from their common ancestry. As the proportional heterozygote deficiency is mathematically equivalent to GST (Nei, 1977) , we examine whether the observed proportional heterozygote deficiency at the VNTR loci in two USA cosmopolitan populations (Budowle et a!., 1991) , scored by the restriction fragment length polymorphism (RFLP) analysis, can be explained by substructuring within these populations alone. We find that substructuring alone cannot explain the observed proportional deficiencies of apparent heterozygotes in the RFLP data on VNTR loci. To confirm our conclusion that these result from the inherent limitations of the RFLP procedure (described in detail below), we also consider a parallel set of data on comparable populations for which the hypervariable loci are scored by a polymerase chain reaction (PCR)-based protocol, where the same technical limitations are not so critical. Analysis of these data shows that at hypervariable loci, where all genotypes are unequivocally identified, the effect of substructuring on GST is only trivial, in accordance with the expectation when mutation rates are high, and consequently, when the loci exhibit large numbers of alleles as well as high heterozygosity within subpopulations. These results have an indirect bearing on the statistical interpretation of DNA typing data used in forensics, because the predictions of this so that Nei's coefficient of gene diversity (GST; Nei, 1973) reduces to GsT= (HT-Hs)/HT, the proportional heterozygote deficiency in the total population .
Equation 3 dictates that as Hk within each subpopulation increases, so also would and consequently GST would reduce. In other words, for any given structure of subpopulations (i.e. when s is fixed), GST for hypervariable loci (with large Hk), in comparison to that for the traditional loci, should be smaller. Nei(1973) analytical properties are well-studied (Wright, 1949; Kimura & Crow, 1964; Ewens, 1972) . For studying genetic variation at a molecular level where genetic alterations can be interpreted in terms of nucleotide substitutions, this model appears most appropriate. Ohta & Kimura (1973) showed that when genetic changes are noted by charge changes produced at a molecule through amino acid changes caused by nucleotide substitutions, mutational alterations can be studied by a stepwise mutation model (SMM). In this model, the allelic states may be represented by a ladder of integer values, so that each mutation may change the allelic state either in the forward or backward direction. Analysis of genetic data gathered through protein electrophoresis in natural populations demonstrated that the stepwise mutation model is an adequate description of mutational changes for the protein electrophoresis protocol of genetic studies (Weir et a!., 1976; Fuerst eta!., 1977; Chakraborty eta!., 1978) . (5) The recently discovered hypervariable polymorphisms (Wyman & White, 1980; Jeifreys et a!., 1985) , where the genetic variation is caused by copy number variation of short tandemly repeated DNA sequences, may not precisely fit these models of mutations. As of now, the exact molecular mechanism of copy number changes of tandemly repeated sequences is still speculative. Several mechanisms are postulated, such as strand slippage in DNA replication (Levinson & Gutman, 1987) , and unequal chromosome exchange in mitosis (Jeifreys et a!., 1988; Wolff et a!., 1989) . Whereas none of these mechanisms may strictly conform to either of the two existing mutation models, several authors have shown that the empirical data on genetic variation at the hypervariable loci often follows predictions of these models (Clarke, 1987; Jeifreys et a!., 1988; Flint eta!., 1989; Chakraborty etal., 1991; Deka (4) where DsT=kjDkl/s2, in which Dk, is Nei's (1972) minimum genetic distance between the /th and kth subpopulations. Under any mutation-drift model, DST can be obtained by using:
where is the mutation-drift (evolutionary) expectation of Dk,s, which is the same for any pair of subpopulations. Algebraically, may also be written as:
where Jx is the probability that two genes drawn randomly, one from each of two populations X and 1', are identical (Nei, 1977) .
When GST is interpreted as a proportional heterozygote deficiency (eqn 3), negative values of GST are permissible (when HT< H5). But, in its alternative formation (eqn 4), 0 GsT 1, as DST as well as II are both bounded by 0 and 1. Of course, if the difference between HT and I-Is (eqns 1 and 2) were truly the result of population substructuring alone, HT would be larger eta!., 1991; Edwards eta!., 1992) . Two recent studies examined this question in further detail. When the hypervariable loci are grouped according to the length of their repeat units, e.g. rnicrosatellites (1-2 base pair (bp) repeat unit), short tandem repeat (STR) loci (3-5 bp repeat unit) and minisatellites (9-70 bp repeat unit), Valdes et a!. (1993) and Shriver et a!. (1993) showed that the STR and microsatellite polymorphisms follow the predictions of the stepwise mutation model more consistently than the predictions of the infinite allele model. However, the minisatellite polymorphisms are better described by the infinite allele model (Clark et a!., 1989; Flint eta!., 1989; Chakraborty eta!., 1991) .
These results may still be only tentative and provisional but it appears that these two models (TAM and one step SMM) may provide plausible realistic magnitudes of genetic variation that may hold for most patterns of hypervariable polymorphisms.
Using the JAM of mutations, showed that GST can be written as a function of the number of subpopulation (s), the within-subpopulation gene diversity (He) and the divergence time among subpopulations (in generations t), given by:
where T= t/2Ne, and Ne is the effective subpopulation size. To determine the maximum expected effect of substructuring, the above result considers the s subpopulations (each of which is at Hardy-Weinberg equilibrium) to have diverged from their common ancestral population t generations ago, and to have remained in isolation from each other since then.
Furthermore, we also assume that the effective sizes of the subpopulations are the same (Ne) as that of the ancestral population, and that within each subpopulation allele frequencies are at mutation-drift equilibrium.
Under the one-step stepwise mutation model, J(of eqn 6) can be written as (Li, 1 976b):
where M =[(1 -H)2
-1]/2, T= t/2Ne, and 1(x) is a modified Bessel function of the first kind and defined as:
By using eqns 4, 5 and 6, we have:
giving the predicted GST value under the stepwise mutation model. Substituting eqns 8 and 9 in eqn 10, we may then define GST under the one-step stepwise mutation model as a function of s, H and T=(t/2Ne).
Therefore, like lAM, for a given level of gene diversity (or heterozygosity) within subpopulations, the coefficient of gene diversity (GST) is specified by the number of subpopulations (s) and their time of divergence (t/2Ne) in units of 2Ne generations under the SMM. Figure 1 shows the relationships of GST with the number of subpopulations (s) and the isolation time since divergence (T) where H = 90 per cent. For any given number of subpopulations (s) and their divergence time (T), GST of lAM is always greater than that of SMM when the mutation rates for both models are the same. This is so because for a given time of divergence, under the JAM subpopulations would exhibit greater differentiation than that which would be predicted under the SMM for the same rate of mutation. However, for the same within-population diversity (7) (Ha), the ratio of the mutation rates of the SMM (v sMM) and of the TAM (v lAM) under the assumption of mutation-drift equilibrium is 1 + 2NeV JAM which is always larger than 1. Interestingly enough, it can be shown numerically (e.g. Fig. 1 ) that the G1 under the lAM is still larger than that under the SMM.
The numerical computations shown in Fig. 1 also illustrate other parallel properties of expected GST under the two mutation models. Under both models of mutation, GST very quickly reaches its plateau as a function of both s and t/2Ne. In fact, the number of subpopulations beyond 10 has hardly any effect on GST in either model, and even in terms of tI2Ne, the rate of approach to the asymptotic GST is much slower under the SMM in comparison to that under the JAM.
Equation 8 also shows that Jy goes to zero when t -co In other words, the subpopulations eventually will share no allele when each of them accumulates a large number of new mutations. In this case, the asymptotic value of GST of the SMM is the same at that of the JAM, i.e.
(s-1)(1-Hs) s -1+ H In the light of eqn 11, the numerical calculations shown in Fig. 1 may appear deceptive as it seems as though (9) the asymptote for GST under the SMM is lower than that of the JAM for fixed s and H5. Actually, this is not the case; it simply reflects that the slower rate of approach to an asymptotic GST value under the SMM in comparison to the JAM applies even when the within-subpopulation heterozygosity (H 90 per cent in Fig. 1 ) is kept fixed for both models, and consequently the mutation rate is made larger for the SMM (in comparison with the JAM).
In our previous work, we indicated that, for the JAM, GST should become smaller as H5 becomes larger . This property also holds for the SMM. Figure 2 shows the relationship of GST with H5 for three sets of s and t/2Ne, with t/2Ne ranging from 0.05 to 0.5 and s from 2 to 20. For both models GST decreases when H5 increases, indicating that a locus with a higher mutation rate generally exhibits a smaller coefficient of gene differentiation (GST) compared with the locus with a reduced mutation rate. A locus with a higher mutation rate can accumulate more new mutations and thus will exhibit a larger within-population heterozygosity (H5) and between-population divergence (DST ) than a locus with a smaller mutation rate for any given number of subpopulations and the divergence time. The numerical illustrations shown in Fig. 2 , therefore, provide a theoretical support of Morton et al.'s (1993) finding that at hypervariable loci (where the average heterozygosity is of the order of 90 per cent, or higher) the kinship (mathematically equivalent to GST) is almost an order of magnitude smaller than at the traditional blood group and protein loci (where H5 is generally 40 per cent, or lower).
These analytical properties may also be described in terms of isolines of GST for various values of s and tI2Ne. Figure 3 shows some computations in this regard, where combinations of the time of divergence (t/2Ne) and the number of subpopulations (s) required to explain a given value of GST (= 5 per cent) are plotted for the two mutation models (TAM and SMM) for H5 =70 per cent and 90 per cent. These computations again illustrate that a number of subpopulations larger than 10 has virtually no effect on the value of GST, and even when subpopulations exchange no genes among them, large GST (say 5 per cent) would be unlikely to arise from population substructuring when each subpopulation exhibits high levels of heterozygosity (say, 
Data analysis RFLP data
Firstly, we consider data on six Variable Number of Tandem Repeat (VNTR) loci (D1S7, D2S44, D4S139, D14S13, D16S85 and D17S79) as reported in Budowle et a!. (1991) , which were reanalysed in our previous work Table 1 ). Table 1 also includes the GST values under the two mutation models (JAM and SMM), assuming no gene migration among subpopulations within each racial group. As GST is virtually unaltered for s> 10 (see Fig. 1 ), the Number of subpopulations (s) number of subpopulations (s) was chosen as 2 and 10 for these computations. We used tI2Ne 0.1, which amounts to 20000-25000 years for Ne 5000. This is a conservative estimate of the time of separation of the different ethnic populations within the Caucasians or Blacks (Nei & Roychoudhury, 1982; . In all seven population-locus combinations where significant heterozygote deficiencies are observed, the observed GST values are larger than their predictions under the SMM. Therefore, we reiterate our previous conclusion , namely, if the observed proportional deficiencies of heterozygotes at these six VNTR loci are to be ascribed only to substructuring within USA Caucasians or Blacks, we have to assume that the different subpopulations never exchanged any mates among them and that their time of separation is much longer than that suggested by their ethnohistory. Neither of these postulates can be correct , considering the substantial amount of gene migration within ethnic populations of USA Caucasians and Blacks, at least in this century.
PCR data Edwards et a!. (1992) reported the data at five short tandem repeat (STR) loci (THO1, RENA4, FABP, HPRTB and ARA) in four ethnic populations (Caucasians, Blacks, Hispanics and Asians) currently residing in Houston, Texas. These loci consist of tn-or tetranucleotide repeat units (Table 2) , with respect to which copy number variations were scored to determine the allelic types. DNA samples were first amplified by the polymerase chain reaction (PCR) technique and then the alleles were separated and identified by acrylamide gel electrophoresis. Of 20 population-locus combinations, only two contrasts of observed and expected heterozygosities resulted in significant heterozygote deficiency (Table 2 ). Both are only marginally significant (P -0.05). Therefore, although the populations in this study are comparable to the ones considered in Budowle et a!. (1991) , we do not find any evidence of a substantial degree of substructuring at these STR loci. This is particularly intriguing because in general these short tandem repeat (STR) loci show a lower level of observed heterozygosities (39 per cent, 64 per cent, 71 per cent, 75 per cent, 86 per cent) than the VNTR loci (77 per cent, 84 per cent, 90 per cent, 90 per cent, 90 per cent, 91 per cent) and, hence, should substructuring alone be the true cause of the observed heterozygote deficiencies, the effect should have been more pronounced at the STR loci. Furthermore, of the five STR loci, the RENA4 locus exhibits the lowest level of heterozygosity (37-41 per cent), yet for no population does this locus show any significant heterozygote deficiency. The only two significant heterozygote deficiencies occur for locus-population combinations where the observed levels of heterozygosity are not so small (61 per cent for THO1 in the Asians, and 83 per cent for ARA in Blacks). In contrast, if we consider the pooled data (i.e. create a known substructuring), four of the five loci exhibit significant heterozygote deficiencies (last column of Table 2 ). Therefore, we claim that the effects of substructuring within these four racial groups at the five STR loci is very small, if not negligible.
By combining Caucasians with Blacks, Caucasians with Asians and Blacks with Asians, we created three populations with known population substructure. The observed GSTs and their corresponding expectations under both the JAM and the SMM are presented in Table 3 . For times of divergence between subpopulations we have used 115000 years, 55000 years and 120000 years for Caucasians and Blacks, Caucasians and Asians, and Blacks and Asians, respectively (Nei, 1975) . Only three of the 15 locus-population combinations reveal significant heterozygote deficiency. However, contradicting the situation for the six VNTR loci, none of the observed GST exceeds the predictions of the JAM, and most of them (except two) are also smaller than the predictions of the SMM. Keeping in mind that a complete isolation of subpopulations was assumed in evaluating the expected GST values, the generally lower observed GST values in relation to their predicted values indicate that a certain amount of migration did occur in the past. In other words, these calculations indicate that for populations with known substructuring, the extent of heterozygote deficiencies in the total population can be predicted by observed values of GST.
Discussion and conclusions
The results shown above for the two sets of hypervariable loci are apparently discordant with each other.
The six VNTR loci, scored by the RFLP procedure, show significant heterozygote deficiencies for the two major racial populations of the USA, whereas the five STR loci show results quite contrary to this. Translated into terms of GST, the VNTR loci exhibit higher levels of coefficient of gene differentiation than that at the STR loci. This is contrary to the theory of substructuring presented above. Should the observed heterozygote deficiencies noted at these VNTR loci be entirely the result of substructuring alone, we would expect higher levels of GST for the STR loci. Furthermore, for all locus-population combinations, the observed levels of GST should have been smaller than the predicted ones because we used levels of substructuring more severe than the reality by allowing a larger time of divergence, and by assuming no gene migration between subpopulations. These should have occurred for either of the two mutation models considered here.
With construction of known levels of subpopulations, the STR loci exhibit a tendency towards such predictions (Table 3) . That leads us to conclude that the apparently discordant findings at the six VNTR loci result from the designation of homozygotes and heterozygotes from RFLP analysis of hypervariable loci. Devlin eta!. (1990) and Chakraborty eta!. (1992) have shown that there is an inherent limitation of genotype assigmnent from the Southern blot RFLP analysis of DNA typing. Alleles of nearly similar size may not can be explained with about 5 per cent nondetectable alleles. Although for some PCR primers, nondetectability of alleles may occur from differential amplifications or nucleotide substitutions within the primer sequence (Callan et a!., 1993; Koorey et a!., 1993) , no such evidence exists for the primers used in the STh survey data (Edwards et a!., 1992) of the present analysis. Therefore, we argue that the level of G5T values obtained for the STR loci are realistic effects of substructuring within the major cosmopolitan populations of the USA.
Because at present RFLP data are the primary basis of forensic applications of DNA typing, one might ask, 'In the presence of such levels of heterozygote deficiencies how can one support the calculations of DNA profile frequencies using the traditional Hardy-Weinberg principles?' As argued in Chakraborty et a!.
(1 992a,b), three levels of conservatism support the current computations. Firstly, allele frequencies used in DNA forensics are exaggerated as the binning of allele sizes (Budowle eta!., 1991) produces allele frequencies that are on an average two times as large as they should be (in reference to the match criteria used by the forensic laboratories; Budowle & Monson, 1992; Chakra- borty et a!., 1993). Secondly, in the presence of 'nondetectable' alleles, the gene count estimates of allele frequencies are overestimates of the true allele frequencies in a population (Chakraborty et al., 1 992a) . Thirdly, even if substructuring exists in a population, the Hardy-Weinberg prediction of genotype frequencies for heterozygotes provides an overestimate for the true frequency of heterozygotes (Chakraborty et a!., 1992b) . The use of the modified estimate (2p instead of p2) of Budowle et a!. (1991) guards against the possibility of under-reporting of the homozygote (single-banded) frequencies.
These arguments, we might note, apply to the current forensic computations of the unconditional probability of a specific DNA profile in a population.
Some geneticists, however, argue that in a DNA forensic analysis one might also attempt to determine the probability with which an individual (say, x) has the specific profile, given that a defendant has the same profile. In general, this is not the one predicted by the unconditional profile frequency in the population. The answer to the above alternative question will vary according to the degree of shared ancestry of x with the defendant, which in turn may range over close relatives, similar ethnic background and the like. To what extent this extraneous information changes the conditional probabilities from the unconditional ones is discussed at length by Morton (1992) and Balding & Nichols (1994) .
In summary, this work shows that even though at present the exact mutational model for analysing hypervariable loci is not known, the expected effect of substructuring can be postulated from the two existing mutation models (lAM and SMM) used in population genetic analysis. Taking into account the ethnohistory of human populations, both models predict that the effect of substructuring in the major cosmopolitan populations at hypervariable loci should be small, much smaller than the levels seen in empirical studies involving the traditional blood groups and protein loci. Use of GST (or FST) of levels equivalent to 5-10 per cent (Nichols & Balding, 1991) appears to be too large, as shown in the present analysis. This is so because gene migration among ethnic groups of racial populations has been documented to be extensive as well as long-standing, both from demographic (Keimedy, 1944 ) and molecular studies (Bowcock eta!., 1991) .
We recognize, however, that in some parts of the world subpopulations may have effective population sizes (Ne) much smaller than the empirical value of 5000 we used in our numerical analysis. When forensic calculations have to consider a relevant population where isolation and mating practice necessitate a smaller value of Ne, the predicted GST values have to be changed accordingly. Equations 7, 8 and 10, along with empirical values of H5 in such populations, offer guides to the appropriate GST in such special cases. Until such studies are complete, we contend that when the true identity of individuals contributing a DNA sample is unknown, the frequency estimates for the combined multilocus profile should be presented for as many populations as possible that are relevant in a forensic case analysis.
